Infrared thermography is a non-invasive and non-contact technique that provides surface temperature distribution by measuring infrared radiation emitted by a body. The instrument that can determine the surface temperature of the object indicated is the thermal-camera. Nowadays, the use of thermal imaging is increasingly widespread and its application fi elds are numerous, especially in the construction environment. In this way, using a modern thermal-camera, it has showed in this paper the high performance of temperature map generated by these instruments. The integration of thermal camera with optical sensors allows to obtain, by a suitable methodology, a high quality of thermal image. Indeed, taking in account large building, it is impossible to cover the whole building and at the same time acquire with a high geometric resolution in relation to the modern thermal camera. In order to identify anomalies temperature on large and modern structure, a case study of the use of thermal images building is showed in the manuscript. Indeed, the knowledge of temperature distribution on the facade of the building provides very useful information to discover many hidden conditions related to the building performance, maintenance and energy effi cient. Because the construction fi eld accounts for 40% of energy demand in Europe, the use of thermal images in this environment provides an important contribute in the analyses process of temperature archived on the buildings.
INTRODUCTION
Remotely sensed Thermal InfraRed (TIR) data have been widely used in a wide range of applications, such as surveillance and reconnaissance, inspections of buildings and civil infrastructures, restoration and management activities of either cultural heritage monuments or buildings [1] . Thermal InfraRed sensors transform the thermal energy, emitted by an object in the infrared band of the electromagnetic spectrum, into a visible image [2] . Indeed, any object at an absolute temperature greater than zero emits infrared radiation. The emitted radiation is a function of the temperature of the material: the higher the temperature, the greater the intensity of the infrared energy emitted. TIR sensors record the temperatures emitted by the objects in infrared region, which can be subdivided in the following spectral bands: • Near-infrared (NIR) from 0.78μm to 1μm; • Short-wavelength infrared (SWIR) from 1μm to 3μm; • Mid-wavelength infrared (MWIR) from 3μm to 6μm. • Long-wavelength infrared (LWIR) from 6μm to 15μm; • Very Long-wavelength infrared (VLWIR) from 15 μm to 1000μm. However, this classifi cation is not standardized. Indeed, confusion in area of limits and further division of sub-ranges of optical radiation is particularly clear in case of infrared radiation range. More proposals on divi-sion of infrared range have been published in the literature. The division shown above is based on the limits of spectral bands of commonly used infrared detectors [3] . The thermal sensors available on the market acquire in the MWIR and LWIR region. The reasons are related to the atmospheric transmittance and the band of peak emissions. In the fi rst case, the infrared radiation that travels through air has a low absorption by various air particles. In the second case, the wavelength at which electromagnetic radiation is emitted depends on the temperature of the object. In other words, the higher the temperature, the shorter its wavelength [4] . Considering the temperature achieved in the most common thermal applications, the infrared wavelength ranges between 7-15μm. So, working in this range, the IR thermography can be considered a non-contact and non-intrusive technique of investigation. Considering the dimensions of the thermal sensors frame, the area covered by each image is small. In this way, in order to increase the geometric resolution, more solutions have been proposed. Many works present in literature propose the integration of different sensors. Indeed, some authors [5, 6] suggest the integration of 3D laser scanner, a thermal camera and a color camera to obtain thermal maps. Other authors [7, 8] using Structure-from-Motion (SFM) approach and the data fusion techniques between thermal and color images were able to build 3D thermal model. Based on the fusion of thermal and color images obtained by different sensors, in this paper a novel and easy approach is explained. In particular, the paper is organized as fol-lows. Section called "Physical background" illustrates the basic concepts of thermal infrared energy. Section "Data and method" explains, by a case study, the process that is necessary to develop in order to obtain high quality of thermal orthophoto. Conclusions are summarized at the end of the paper.
PHYSICAL BACKGROUND Thermal infrared energy
Temperature is the measure of the degree of heat or cooling of a body [9] . The temperature is related, at the atomic/molecular level, to internal body activity (activity of the particles that make up the object). The energy of particles of matter in random motion is called kinetic heat (also referred to as internal real or true heat). All objects having a temperature above absolute zero (0 K; -273.16 ˚C; -459.69 ˚F) exhibit this random motion. It is possible to measure the true kinetic temperature (Tkin) or concentration of this heat using a thermometer [10] . When the molecules collide, they change their state energy and the energy is released in the form of electromagnetic radiation, which constitutes the so-called radiant fl ux. Ultimately, the radiant temperature (Trad) can be considered the measurement of the radiant fl ow out of a body. A black body is a theoretical model where radiant temperature and kinetic temperature coincide:
(1) Indeed, the black body is an idealized physical body that absorbs all the incident radiation (regardless of the wavelength considered). The relationship between the wavelength of spectral exitance and temperature for a black body is given by Wien's displacement law: (2) Where λ(m) is the wavelength of maximum spectral radiant, A constant (2898 μmK) and T the temperature. The spectral distribution of the energy radiated from the surface of a black body at various temperature is described by Stefan-Boltzmann law:
Where M is total radiance exitance, M(λ) spectral radiance exitance, σ Stefan-Boltzmann constant (5.6697 x 10-8 Wm2K-4) and T temperature of black body (expresses in K). However, all the real materials do not behave as blackbodies because they can emit only a fraction of the energy emitted from a black body at equivalent temperature. The ratio from the radiant exitance of a material (at a given temperature) and the radiant exitance of black body (at some temperature) is called emissivity (e). Also, every real material shows a specifi c emissivity value. In this way, it is possible to obtain a new equation of radiance exitance M [11] : (4) This defi nes the relation between the radiant temperature and kinetic temperature of a body as: (5) Taking in account the emissivity of the material, the specifi c spectral emission M(λ) of an object can be obtained by Planck's emission law:
Where c 1 and c 2 are emission constant (c 1 = 3.7418•104 W•cm2•μm4, c 2 = 1.4388•104 K•μm), T is the absolute temperature (expressed in K) and λ the wavelength (expresses in μm). Inverting Planck's equation, it is possible to obtain the temperature value as shown below:
Emissivity Emissivity is a relationship between two similar energies. Therefore, it is a dimensional magnitude where the values can (theoretically) range from 0 to 1. A value of emissivity equal to 1 means that the material can absorb all of the incident energy and then emit it as if the object was a black body. Emissivity equal to zero implies that the body does not absorb any radiation within the electromagnetic spectrum: this would be the case of an ideal refl ector (or even called ideal white body). The emissivity of an object may be infl uenced by a number factors, such as the color (darker colored objects have a higher emissivity than lighter colored objects), surface roughness and moisture content [12] . Indeed, when the spectral component of the radiant energy interacts with a semi-transparent surface, the radiation may be refl ected, absorbed and/or transmitted. The refl ectivity (ρ) is a property that determines the fraction of the incident radiation that is refl ected by the surface, the absortivity (α) is the fraction of the irradiation absorbed by the surface and the transmissivity (τ) is the fraction of the irradiation that is transmitted through the surface [13] . Because these parameters depend on the wavelength, it is possible obtain the following equation: (8) In according to the conservation of energy and Kirchhoff's law, the emissivity of a surface is equal its absorptivity [14] . This mean that a λ = ε λ and, of consequence, the previous equation becomes: (9) Generally, for opaque bodies the transmissivity is zero. So, reconsidering the equation (9) in relation to the emissivity, it is possible to obtain the following important relation: (10) The emissivity values of some common materials used in building environment, are shown in the table 1. 
DATA AND METHOD

Study area
The case study concerns the principal façade of the University on Naples "Parthenope" located in the "Centro Direzionale" of Naples city (Italy). The building was built in the late 90's and is characterized by a unique body. This structure has a regular (quadrangular) shape and is divided in seven levels with internal vertical connections. The principal façade (north façade) that is the object of the survey, is represented by symmetrical and simple rectangular geometric lines, where the various levels of the building are easily distinguished. The only element that interrupts the vertical pattern is represented by central glass windows, which also identifi es and highlights the entrance to the building. On the ground fl oor of the entire façade, there is the portico which is constituted by circular monolithic columns. This part encloses the fi rst two levels of the building. The ground fl oor is identifi ed by pieces of marble and porthole windows, while the fi rst level is distinguished by continuous glass windows. The upper levels are characterized by panels and windows.
Thermal camera sensor
Nowadays there are on the market of increasingly high-performance thermal cameras at an attractive price. For this experimentation, an IR Thermo-Camera Fluke Tir1 was used for thermal analyses. The Fluke TiR1 thermal imager provides high quality images and stable temperature readings. Indeed, the Fluke TiR1 thermal imager measures temperatures ranging from -20 to 100°C and it has a thermal sensitivity of less than or equal to 0.07°C at 30°C. This elevate sensitivity allows the users to see even small temperature differences and, as consequence, could indicate any problems. The Fluke TiR1 thermal imager has a 3.6" landscape color VGA (Video Graphics Array) screen with a resolution of 640 x 480 pixels. The value of Istantenuos Field Of View (IFOV) of the TiR1 sensor is 2.5mrad [15] . This latter parameter allows to determinate the acquisition distance between the building and the sensor. Indeed, the optical system of an infrared sensor collects the infrared energy from a circular measurement spot and focuses it on the detector. Also, the Ground Sample Distance (GSD) can be defi ned by the product of the distance from the sensor to the object and the size of the spot being measured (d). Let the IFOV value of the TiR1 sensor, it is possible to build the table 1 where are reported the values of geometric resolution varying the distance object-sensor, using the following relation [16] : Therefore, as shown in the table 2, increasing the distance decreases the geometric resolution of the thermal image. However, in the thermal context it is important to emphasize that the emissivity is related to the distance from the sensor to the object [17] . This means that if the resolution decreases, the pixel temperatures of the same area will tend toward the mean temperature derived from averaging the pixel temperatures from higher resolution images.
Method
In order to obtain accuracy and high geometric resolution thermal data of the structure under investigation, more aspects, geomatics and technologies were considered. In particular, the procedure developed in order to achieve this goal, can be summarized in the workfl ow reported in the Figure 1 .
Figure 1: Workfl ow of the methodology implemented
As shown in the previous workfl ow, it was necessary to integrate the images obtained by thermal and visible sensors. Also, the fi rst step was to determine the geometric characteristics of the structure (building) taken into consideration. This task was obtained by Close Range Photogrammetry (CRP) technique [18, 19] . In this environment, the so called "Structure-from-Motion" (SfM) approach has become quite popular in close-range photogrammetry because it allows to build three-dimensional models in a semiautomatic way from a set of images.
Based on computer vision algorithms, the SfM approach requires a block of images with a high degree of overlap that capture the object of the survey from several locations [20] . An important task in the SfM process consists in the recovery of the calibration parameters of the camera which the metric structure of the scene cannot be calculated. The traditional pattern-based calibration procedure is laborious and often impractical. A more fl exible and elegant approach, known as camera "self-calibration", consists in the recovery of the unknowns' parameters solely using point correspondences across images [21] . Actually, a variety of software applications can automatically perform camera self-calibration and, at the same time, to produce dense point clouds and/or 3D models, suitable for various photogrammetric applications. Using SFM technique, it was possible to perform the survey of the façade investigated. In particular, the photogrammetry survey was carried out by Pentax K-x DSLR camera with 18-55mm f/3.5-5.6 lens and a total amount of 115 images were captured. Using total station Leica TCRP 1201+ (angle measurement accuracy equal to 1" while the distance measurement accuracy without refl ector is 2 mm + 2 ppm) and Leica GeoOffi ce software, it was possible to calculate (in a local coordinate system) the coordinates of some points easily recognizable on images (markers). The photogrammetric processing was performed with AgisoftPhotoScan software where the 3D model reconstruction was obtained by several straightforward processing steps. Indeed, the fi rst task realized in this environment was the alignment of the acquired images ( Figure 2 ). In this phase, due the important refl ectance of some part of the building and/or the presence of obstacles between the building and the camera, it was necessary to realize many masks on the single images. Aligned the images, 6 marker points were used as Ground Control Points in order to realize a metric model. The average Root Mean Square (RMS) achieved on the marker was 0.010m. Subsequently, the dense point cloud, using "Very High" setting, was realized. Once obtained the point clouds, a surface mesh was created. Also, after the geometry (i.e. the mesh) was constructed, the 3D model of the building was textured and used for orthophoto generation of the building façade. The colour orthophoto or RGB (Red-Green-Blue) orthophoto of the building façade, obtained by SfM approach, is shown in the Figure 3 . The thermal survey was carried out the 17th July 2017 around the 3.00 pm (local time). The thermal dataset consists of 12 images. The thermal images were processed through the use of specifi c software called SmartView (version 4.1) that allowed to obtain the temperatures of the surfaces. In order to make the visible image of the object acquired by TIR, the camera makes a conversion in false colours. In general, there are several types of visualization that can be selected inside the sensor or computer software during image analysis. Palette called "iron" are the standard to display the images. In this representation, the colour scale starts from black to indicate the coldest spots or parts, as the temperature increases the colour becomes blue, red, orange, yellow and fi nally white for the hottest spots. In addition, the SmartView software was allowed to report on the thermal images the markers which represent the minimum (blue colour), maximum (red colour) and average temperature (white colour) of the surface investigated. Figure 4 shows a typical example of thermal images of the area study. In order to obtain a 3D model, the same approach used for optical sensor images was applied to thermal images.
The resulting model was unsatisfactory. Indeed, Agisoft software was not able to align the images due the poor correlation between the thermal images, despite the elevate overlap during the stage of the acquisition. In addition, in the SfM approach, the correlation between the colour images increase if the angle of convergence is great [22] . Because the emissivity is related to the angle of acquisition of the sensors [23] , it follows that this approach should be inaccurate for the measure of the temperature. Also, to overcome this situation, the thermal images were georeferenced on the colour orthophoto in ArcMap environment using the projective transformation. The projective transformation introduces two plane coordinate systems using a central projection. All projection rays are straight lines through the perspective centre and the equations that allow this type of transformation are: Because the unknown in the equations (11) are 8, it follows that in the projective transformation, a minimum of 4 control points (or 4 links) are request and no three of which may lie on a common straight line. In order to obtain a higher quality of the transformed image, a minimum of 8 points were taken in consideration. In this case the system of equations was solved by least squares adjustment. From the statistical point of view, the average RMS error value achieved on all thermal images was 0.080 pixel and the standard deviation RMS was 0.018 pixel. The single orthophoto was generated using a pixel size of 5 cm. Subsequently, all the thermal images were merged in order to obtain a unique image. The result of Figure 5 . Unfortunately, as it is possible to note in the Figure 5 , it was not possible to acquire thermal images in a portion of the structure. This is due to presence of the garden in front of the building contained a vegetation quite height that prevented the acquisition by the thermal sensor from a suitable distance. In addition, it is necessary to consider even technological limits related to the small dimension and long focal length of the thermal sensor used for the experimentation. So, analyzing the thermal orthophoto ( Figure 5 ), it is possible to note how some windows (blue color) showed a lower temperature than other (orange color). This is due to the activity of air conditioners which produce air cool. In this context, it is possible to identify, from a point of view of energy effi ciency, the rooms that showed an energy dispersion. In addition, it is easy to identify the difference of the temperature due to divers material of which the structure is made: the glass windows (belong the room where the air condition in cool mode has been not used and indicated in orange color in the Figure 5 ) had a greater temperature than panels.
Pan-sharpening approach
In order to increase the resolution of the thermal images, some authors [24, 25] suggest the use of pan-sharpening method. Indeed, the pan-sharpening allows to fuse the higher geometric resolution of the panchromatic image with the spectral resolution of multispectral (thermal) image. Also, in order to increase the geometric resolution of the thermal orthophoto, pan-sharpening task was performed in Geographic Information System (GIS) environment by IHS (Intensity-Hue-Saturation) method [26, 27] and using a suitable weights dataset [28] . The intensity component I is substituted by the panchromatic image, which was obtained by optical sensor. The new component Red, Green and Blue of the thermal colour image (R'T, G'T, B'T) with the same geometric resolution of panchromatic data was produced using the following equation:
Where (14) and (15) Therefore, the above relationships were implemented in ArcMap software using raster calculator tool. The result of the thermal pan-sharpening is shown in the Figure 6a . A visual comparison of a particular between the simple thermal orthophoto and the thermal orthophoto obtained through the pan-sharpening, is shown in Figures 6b and 6c . However, if on the one hand this operation is correct from the informatics point of view, from the other side it is not correct from the physical point of view. Indeed, this approach changes the values of the colour and, as consequence, the temperature values. In addition, this approach is not correct because the panchromatic band cover only a visible part of the spectral wavelength range. Indeed, the pan-sharpening technique is widespread applied in the study and observation of the images generated by satellite sensors, such as Worldview, Ikonos, Sentinel2, Landsat etc. in order to increase the geometric resolution of the multispectral bands in the range of the electromagnetic spectrum covered by panchromatic band. Therefore, the only advantage of pan-sharpening operation in this environment is to better identify object shape in the area under investigation. Indeed, as just es-
